Abstract | Primary progressive aphasia (PPA) is caused by selective neurodegeneration of the language-dominant cerebral hemisphere; a language deficit initially arises as the only consequential impairment and remains predominant throughout most of the course of the disease. Agrammatic, logopenic and semantic subtypes, each reflecting a characteristic pattern of language impairment and corresponding anatomical distribution of cortical atrophy, represent the most frequent presentations of PPA. Such associations between clinical features and the sites of atrophy have provided new insights into the neurology of fluency, grammar, word retrieval, and word comprehension, and have necessitated modification of concepts related to the functions of the anterior temporal lobe and Wernicke's area. The underlying neuropathology of PPA is, most commonly, frontotemporal lobar degeneration in the agrammatic and semantic forms, and Alzheimer disease (AD) pathology in the logopenic form; the AD pathology often displays atypical and asymmetrical anatomical features consistent with the aphasic phenotype. The PPA syndrome reflects complex interactions between disease-specific neuropathological features and patient-specific vulnerability. A better understanding of these interactions might help us to elucidate the biology of the language network and the principles of selective vulnerability in neurodegenerative diseases. We review these aspects of PPA, focusing on advances in our understanding of the clinical features and neuropathology of PPA and what they have taught us about the neural substrates of the language network.
Introduction
Language is a uniquely human faculty that enables the communication and elaboration of thoughts and experi ences through the mediation of arbitrary signs and symbols. Acquired abnormalities of language are known as aphasias. Nearly all righthanded individuals and many lefthanded people exhibit severe aphasia only after injury to a specific set of regions in the left hemisphere of the brain, leading to the conclusion that language is under the control of an asymmetrically distributed largescale neural network (Box 1). According to contemporary con cepts, the Sylvian fissure divides this neural network into dorsal and ventral components. [1] [2] [3] [4] [5] The dorsal components, including Broca's area in the inferior frontal gyrus (IFG), display a relative specialization for phonological encoding, fluency, and grammatical structure, whereas the ventral components, located predominantly in the temporal lobe, display a relative specialization for lexicosemantic associ ations that link words to their meaning; [1] [2] [3] [4] [5] however, these distinctions of functional anatomy are far from absolute.
Following the seminal work of Paul Broca, 6 Carl Wernicke 7 and their contemporaries in the 19 th century, research into the neurology of language was largely focused on aphasias caused by focal cerebrovascular acci dents. This perspective has now broadened to include lan guage disorders associated with neurodegenerative brain diseases. In particular, the syndrome of primary progres sive aphasia (PPA), in which the language dominant (usually left) cerebral hemisphere is the selective target of progressive neurodegeneration, leading to aphasia in the absence of marked impairment in other cognitive and behavioural domains, has emerged as a new area of fruitful research. Indeed, the rapidly expanding literature relating to PPA is providing new insights into the neural components of the language network and its vulnerability to neurodegenerative diseases. In this article, we review the advances that have been made to date with regard to PPA, encompassing diagnosis and subclassification of the syndrome, its various clinical and neuropathological manifestations, potential aetiological factors, and disease trajectory and treatment. We also highlight how increased knowledge of PPA has advanced our understanding of language processing in the brain, necessitating revision of some traditional concepts.
Historical recognition of the PPA syndrome
In the late 19 th and early 20 th centuries, Pick, 8 Sérieux, 9 Franceschi 10 and Rosenfeld 11 were among the first to describe aphasias caused by neurodegenerative rather than cerebrovascular lesions. However, many of the patients involved in the studies by these researchers would have failed to meet the current diagnostic cri teria for PPA, as the language disturbances reported had emerged in conjunction with other salient cognitive and behavioural impairments. For example, Pick 8 noted that the patient he studied additionally displayed progressive memory decline and had threatened his wife with a knife. The patient reported by Sérieux demonstrated a differ ent pattern of neurological impairment; she presented at the age of 47 years with progressive loss of word com prehension, but preserved memory and 'intelligence' . 9 In this woman, the language disorder progressed to a state of Wernicke aphasia over the 8year period up to the patient's death in 1897. This case is the earliest historical report of an aphasia syndrome that can be singled out as the prototype for what came to be known as PPA.
The syndrome of PPA as a distinct entity was intro duced into the modern literature in the 1980s and was gradually delineated from other dementia syndromes. 12, 13 This syndrome is characterized by a language disorder of neurodegenerative aetiology, which emerges in relative isolation with respect to other neurological manifestations Key points ■ Primary progressive aphasia (PPA) is a clinical syndrome caused by selective neurodegeneration of the language-dominant cerebral hemisphere, thus affecting the language network ■ The language disorder manifest in patients with PPA can take the form of agrammatic, logopenic or semantic aphasia, depending on the anatomical distribution of cortical atrophy ■ PPA can be caused by several types of neuropathology, including Alzheimer disease and frontotemporal lobar degeneration; these diseases tend to be associated with specific variants of PPA ■ Concepts relating to Wernicke's area and anterior temporal lobe function need to be revised on the basis of the relationships identified between the clinical characteristics and neuroanatomy of peak atrophy sites in PPA ■ PPA susceptibility, aetiology and pathogenesis, and the asymmetry of cerebral atrophy in particular, are poorly understood and require further elucidation ■ Effective PPA treatments are urgently needed; development of such treatments should be considered a research area of importance during the first 1-2 years after onset, and remains pre dominant during much of the disease course. 14, 15 Onset usually occurs before 65 years of age, with approximately equal prevalence across sexes. The one common denomi nator among patients with this syndrome is asymmetric damage to the languagedominant cerebral hemisphere, which manifests as cortical atrophy, hypoperfusion or hypometabolism. 16, 17 Sites of peak neuronal loss within the language network vary between patients and determine the pattern of aphasic impairment. 18 
Diagnosis and classification of PPA
Criteria for the root diagnosis of PPA The root diagnosis of PPA is justified if three criteria are met (Box 2). 17 The first two criteria-the presence of a prominent language disorder that developed gradually, and its neurodegenerative nature-can be ascertained through clinical history, tests of language function, and neuroimaging procedures. The third criterion, that is, the relatively isolated emergence of aphasia as the principal impediment to the pursuit of customary activities, is the most challenging to establish. Even experienced clinicians can have difficulty deciding whether a progressive aphasia is truly 'primary' . It is preferable to be conservative and avoid a PPA diagnosis when disruptions in other cognitive and behavioural domains are prominent early in the course of the disease, even if a progressive (but nonprimary) aphasia is part of the overall syndrome (Box 3).
Nomenclature and subtyping-a work in progress More than 100 years of pivotal contributions from key figures in the history of neurology led to the development of a classification system for aphasias of sudden onset. Much of this historical research relates to patients with cerebrovascular accidents (stroke), a setting in which grey and white matter is abruptly and indiscriminately destroyed in at least part of the core lesion site. By con trast, neurodegenerative diseases can selectively target specific layers and regions of the cerebral cortex. Even within sites of peak cortical atrophy in patients with PPA, neuronal destruction is never complete, and the remain ing neurons continue to participate in language function, albeit with distorted patterns of neural network connec tivity ( Figure 1) . 19, 20 The partial and gradual neuronal loss sets the stage for extensive reorganization of cerebral cir cuitry, which might be at least partially compensatory. 21 These partial and progressive perturbations of the under lying neural network induce subtle dissociations of lan guage function that are less likely to arise in patients with cerebrovascular disease. In addition, PPA can be associ ated with the selective neurodegeneration of regions of the brain-such as those within the anterior temporal lobe (ATL)-that are not vulnerable to isolated cerebrovascular accidents. For these reasons, the language disturbances in PPA do not fit syndromic patterns identified in stroke induced aphasias, thus necessitating the development of a novel nomenclature and classification system.
At the time when the features of PPA were initially being delineated, the descriptive term 'logopenia'-derived from Greek words 'λόγος' (logos), meaning 'word' , and 'πενία'
Box 1 | Properties of distributed large-scale neural networks
The term 'large-scale distributed neural network' was introduced to designate computationally plausible and anatomically anchored substrates of cognitive and behavioural domains. 97 For the language domain, network components are located in the perisylvian cortex and surrounding parts of the frontal, parietal and temporal lobes of the language-dominant (usually left) hemisphere of the brain. [1] [2] [3] [4] [5] The following principles apply to the use of the term 'network' in this Review. 160 ■ Network components can operate as critical hubs or ancillary nodes, both of which contribute to the function of the relevant domain, but only damage to critical hubs causes clinically relevant and sustained impairments. Critical hubs have the properties of transmodal cortex, 86 and bind disseminated information into integrated representations ■ The hubs and nodes function collaboratively, but are not interchangeable, and each displays relative specializations for separate components of the relevant cognitive and behavioural domain. The output represents an emergent property of the network, rather than the additive product of its components ■ Critical hubs within a particular network are interconnected and are usually coactivated in the course of mediating the relevant cognitive and behavioural domain. Damage to one hub or its connections will, therefore, cause at least partial disruption in the functionality of the others ■ Hubs and nodes are not dedicated to a unique network. Thus, damage confined to a single hub or node, or its connections, can also trigger perturbations in the function of intersecting networks ■ Partial damage to a network component can give rise to minimal or transient deficits if other modules of the network undergo compensatory reorganization (penia), meaning 'deficiency'-was introduced to define a language abnormality that seemed distinctive to PPA.
12,22
The abnormality was characterized by wordretrieval deficits that led to intermittent loss of verbal fluency but without disorders of motor speech, grammar or comprehension. 12, 22 These initial observations were not accompanied by specific diagnostic or classification cri teria. The first widely accepted classification relevant to PPA was published in 1998, 23 in the form of a consensus report that aimed to capture the clinical spectrum of frontotemporal lobar degeneration (FTLD). The report assigned the definition 'progressive nonfluent aphasia' (PNFA) to most cases with impaired verbal fluency, and designated 'semantic dementia' as a syndrome with both word comprehension impairments (that is, aphasia) and object recognition impairments (associative agnosia), but preserved verbal fluency.
Although the 1998 criteria were not designed to charac terize the spectrum of PPA syndromes as a whole, their use for this purpose had important consequences. First, the logopenia pattern-impaired word retrieval in speech but with preserved grammaticality and word comprehension-was not recognized as a distinct entity. Second, the semantic dementia designation enabled the inclusion of patients with a disease phenotype incon sistent with a PPA diagnosis, owing to concomitant prominent associ ative agnosia. Third, patients with PPA attributable to nonFTLD pathologies seemed to be implicitly excluded. These issues were addressed in inter national guidelines for the classification of PPA, published in 2011. 24 The 2011 guidelines divided PNFA into agram matic and logo penic components, required the semantic variant to fulfil the root diagnosis of PPA (thus excluding patients with prominent associative agnosia), and made no assumptions concerning the nature of the underlying neuro pathology. 24 These guidelines, and their classifica tion of PPA into agrammatic (PPAG), logopenic (PPAL) and semantic (PPAS) variants, 24 have received broad acceptance and were cited nearly 100 times within the first year after their publication. Nonetheless, challenges have been recognized, including unclassifiable forms of PPA and language impairment patterns that simulta neously fulfil the criteria for more than one subtype of PPA. [25] [26] [27] [28] [29] [30] The 2011 guidelines also added impaired repeti tion of phrases and sentences, a feature that was not part of the original definition of logopenia, as a core feature of the PPAL variant; thus, the term 'logopenic' can be used in more than one sense in relation to PPA, representing a potential source of inconsistency in the literature.
With a few modifications, the 2011 guidelines could offer a more robust classification system for PPA. 28 However, the 2011 guidelines also require the assessment of at least 10 different aspects of language function; a more practical but less rigorous alternative classification system focuses on the status of only grammatical ability and singleword comprehension in patients who have already met the PPA diagnostic criteria (Box 2). 26, 31 Using these criteria, a twodimensional template comprising four quadrants is generated that defines different sub types of PPA (Figure 2 ). The upperleft and lowerright quadrants capture PPAG and PPAS, respectively, on the basis of abnormalities of grammaticality and word comprehension. The upperright quadrant specifies the absence, rather than presence, of deficits in both of these key features of language and, therefore, incorpo rates the most heterogeneous patient population. In our experience, this quadrant is populated predominantly by patients who display the clinical features of logo penia (wordretrieval pauses with preserved grammar and comprehension), and who may or may not have addi tional repetition impairment. Some of these patients will maintain the logopenic pattern of aphasia throughout most of the disease course, whereas others will later develop characteristic features of PPAG or PPAS. 26 Box 2 | The three criteria for the root diagnosis of primary progressive aphasia
Gradual impairment of language
The impairment of language should have developed gradually. Common manifestations include frequent word-finding pauses followed by uninformative filler words (such as 'thing' and 'stuff'), ungrammatical and impoverished sentences ("words in the my head and cut up," for example), the inability to name parts of objects (for instance, the strap of a watch, the stem of a flower, the lid of a jar), impaired repetition of phrases and sentences, failure to understand words (such as strap, stem, lid), and spelling errors of recent onset. Dysarthric or apraxic speech alone is insufficient to fulfil this criterion.
Confirmed neurodegenerative aetiology Diagnostic brain imaging procedures should establish a neurodegenerative process as the only plausible cause by ruling out stroke, neoplasm or other potential causes of an acquired language disorder.
Disproportionate salience of aphasia Aphasia should initially arise in relative isolation as the most prominent (that is, primary) impairment and should remain the principal factor underlying the disruption of daily living activities for at least 1-2 years. To fulfil this criterion, it is necessary to ascertain (through an informant, medical records, or clinical examination) that episodic memory, visuospatial skills, executive functions, face and object recognition, comportment, and motor function were mostly preserved during an initial period of 1-2 years after symptom onset. Preferably, nonverbal standardized tests should be used to evaluate other cognitive and behavioural domains, such as the Visual Verbal Test for executive functions, the Three WordsThree Shapes Test for memory, and the Judgement of Line Orientation Test for visuospatial perception. 15, 161, 162 However, excessive reliance on test results must be avoided. If a patient with a prominent progressive inability to find words also has subnormal scores in memorizing a word list or in a sustained attention test, but without corresponding impairments of daily activities (such as forgetfulness of recent events, inability to multitask, or reduced initiative), a primary progressive aphasia diagnosis is justified.
Box 3 | Nonprimary progressive aphasias
Progressive aphasias can arise in patients whose principal and initial impairment is an amnestic dementia of the Alzheimer-type, the posterior cortical atrophy syndrome, the behavioural variant of frontotemporal dementia, the corticobasal degeneration syndrome, the progressive supranuclear palsy syndrome, apraxia of speech, or motor neuron disease. No patient with a progressive aphasia that arises as a secondary component of any of these syndromes would qualify for a primary progressive aphasia (PPA) diagnosis because the language impairments constitute ancillary features. Such patients can be described as having progressive aphasia in conjunction with the dominant syndrome.
Some patients display a combination of aphasia and nonverbal associative agnosia at the early stages of disease. This syndrome, known as semantic dementia, is also inconsistent with a diagnosis of PPA if the associative agnosia is initially prominent and responsible for consequential impairments, such as an inability to recognize familiar faces or the misuse of objects.
The few purely anomic patients who have no word finding hesitations, agrammatism or wordcomprehen sion impairment will also fit into this quadrant, but are likely to progress to PPAL or PPAS. 26 This template approach does not allow patients to fulfil criteria for more than one subtype, introduces a more inclusive definition of PPAL, and recognizes patients with 'mixed' PPA (PPAM) who present with combined grammar and comprehension impairments ( Figure 2 ). However, classification of PPA according to this template is timesensitive: 26 if performed too early, patients at the prodromal stages of PPAG or PPAS will have disease classified as PPAL; if conducted too late in the course of the disease, patients will fit the PPAM classification owing to increased aphasia severity. The boundary between PPAL and PPAG is particularly indistinct, principally because grammaticality is dif ficult to quanti tate. Another major challenge is the need to choose appropriate difficulty levels of tests, cutoff scores, normative values, and modes of assess ment that are appropriate for the severity and nature of the aphasia. 26, 31 A universally applicable classification system for PPA is unlikely to be found, given the complexity of syndromic characterization in aphasia, the heterogeneity in the sites of peak atrophy, and the progressive nature of the dis order. One way to circumvent the impact of this challenge on clinicopathological correlations is to base relevant analyses on readily quantifiable specific parameters such as grammar, fluency, word retrieval, comprehension and repetition rather than on par am eter clusters that define discrete subtypes. Although the language impairment patterns in PPA are not identical to the classic patterns identified in patients with stroke, PPAG has features that are analogous to Broca's aphasia of classic aphasiology, while PPAL resembles conduction aphasia or anomic aphasia, PPAS resembles sensory transcortical aphasia, and PPAM resembles global aphasia.
PPA-G-dissociating grammar and fluency
The core feature of PPAG is disrupted sentence produc tion, characterized by abnormal word order (syntax), poor phrase structure, and misuse of grammatical mor phemes (such as word endings that modify tense or number). [32] [33] [34] [35] The patient can successfully communicate intent in short ungrammatical statements that generally contain fewer verbs than nouns. [36] [37] [38] [39] [40] According to our clinical observations, in mild cases of PPAG, agram matism might be detected only in writing samples, including emails. Most agrammatic patients also have low verbal fluency caused in part by long wordretrieval pauses that precede almost every utterance. Although loss of verbal fluency can occur in the absence of articulatory abnormalities, patients can also show vari able degrees of dysarthria, phonological disintegration, laboured pronunciation, and apraxia of speech. 41 Object naming is abnormal in some-but not all-patients with agrammatism.
In PPAG, comprehension is typically wellpreserved for single words, but not for grammatically complex sentences, indicating that the neurological dysfunction encompasses decoding, as well as encoding, of gram matical structure. For example, a patient who can cor rectly match canonical sentences such as "The dog is chasing the cat" with depictions of the corresponding action might fail similar tasks that use noncanonical sentences such as "The cat was chased by the dog. " Even more striking is the phenomenon of grammatical alexia that we have occasionally observed in the advanced stages of PPA, in which patients can correctly recognize written forms of nouns such as 'table' or 'alligator' , but not of pronouns and conjunctions such as 'he' , 'but' or 'it' .
Compared with other aspects of language, grammati cal ability is difficult to assess and requires specifically designed tests, including linguistic analysis of narra tive discourse. 36, 42, 43 Assessment of grammaticality in patients with severely diminished language production 163 the right cerebral hemisphere is on the left-hand side. Areas of substantial atrophy can be observed in the right perisylvian cortex, including the posterior STG (arrow). b | Illustration of findings based on fMRI evaluation of the same patient performed soon after the structural scan, revealing that the atrophic area of the right hemisphere was activated (arrow) during a task in which the patient was asked to determine whether two words had the same meaning. c | The patient died 8 years later; pathology of autopsy tissue demonstrated features consistent with frontotemporal lobar degeneration with TAR DNA-binding protein 43 pathology. In particular, despite the severe atrophy at the time of the structural MRI scan and progressive neuronal loss over the subsequent 8 years before death, the photomicrograph of a cresyl violet-stained region of the right STG demonstrates identifiable neurons (arrows), some of which might have contributed to the activation of this region during the fMRI assessment. Abbreviations: fMRI, functional MRI; PPA, primary progressive aphasia; STG, superior temporal gyrus.
represents a particular challenge. In such circumstances, the use of an anagram task, in which the patient is asked to order single words, each printed on a separate card, to form sentences with varying syntactic complexity, can be informative. 44, 45 One of the most distinctive and common features of PPAG is the presence of sites of peak atrophy within the dominant (usually left) IFG, where Broca's area is located ( Figure 3a ). This association is consistent with the vast literature demonstrating that the role of the left IFG within the language network is to serve as a critical hub for processes related to syntax, morphology, and com prehension of grammatically complex statements. [46] [47] [48] [49] [50] [51] [52] In many patients with PPAG, brain atrophy might also encompass moredorsal parts of the posterior frontal lobe as well as patches of the temporoparietal junc tion (TPJ) and lateral temporal lobe. To a lesser extent, atrophy can also affect the corresponding parts of the contralateral hemisphere.
In strokebased aphasiology, the terms 'Broca's aphasia' , 'agrammatic aphasia' and 'nonfluent aphasia' tend to be used interchangeably, leading to the implica tion that grammar and fluency share a common neural substrate. Studies in PPA, however, indicate that dissoci ations can arise between these two aspects of language. 36 For example, one of our patients with PPAG, who wrote exceedingly agrammatic sentences such as "I am for the speech therapy for year," had nearly normal verbal fluency (110 words per minute compared with a norma tive value of 130 ± 20 words per minute), at a time when only 62% of the sentences she produced during con nected speech were grammatically correct. In keeping with such observations, quantitative imaging in a group of 31 patients with PPA showed that the sites of peak IFG atrophy associ ated with impairments of either grammar or verbal fluency are mostly nonoverlapping; 53 impair ments of grammar correlated with atrophy within the main body of the IFG, whereas atrophy that was associ ated with diminished verbal fluency was confined to a dorsal rim of the IFG and also extended further dor sally into the premotor cortex. 53 Furthermore, studies based on diffusion tensor imaging demonstrated that impaired grammar was associated with abnormality of the arcuate fasciculus, which interconnects the TPJ with the IFG, whereas impaired verbal fluency was associated with abnormality of the aslant tract, which connects the IFG with more dorsal premotor areas of the brain. 2, 54 Thus, although the majority of agrammatic patients do have decreased verbal fluency, investigations in PPA have shown that the two types of impairment can be dissociated from each other.
PPA-L-insights into word retrieval
Abnormal repetition, an indicator of phonological loop dysfunction, was included as a necessary criterion for the diagnosis of the logopenic variant of PPA (PPAL) in the 2011 classification guidelines. 24 However, the ability to repeat phrases and sentences can remain intact in many patients who otherwise have the clinical features of logopenia. Such patients are unclassifiable using the 2011 guidelines. 26, 31, 55 Furthermore, some patients with PPAL simultaneously fulfil PPAG or PPAS criteria defined in the 2011 guidelines, thus complicating clas sification. These difficulties can be resolved by redefin ing and subdividing the PPAL classification to include two forms, one with and one without repetition impair ment, and by making the absence of major grammar and wordcomprehension abnormalities necessary features, as prescribed by the template approach (Figure 2 ). 26 The two forms of PPAL distinguished according to the presence or absence of repetition impairment have peak atrophy within similar regions of the brain, and also have comparable neuropathological correlates of PPA. 28, 29, 55 Both forms are characterized by word retrieval impairments on a background of relatively intact grammatical abilities, word comprehension, and motor components of speech. 18, 22, 56 Comprehension of long or noncanonical sentences might be compromised, 26 probably due to limitations in auditory working memory. The patient must fulfil the root diagnosis of PPA before undergoing classification according to this system. The performance of the classification system is optimal if conducted neither too early nor too late in the course of the disease. The individual tests and cut-off scores must be determined empirically, and depend on the severity of the aphasia. 26, 31 The broken boundary line between the PPA-G and PPA-L quadrants represents the challenge that is frequently faced in differentiating these two aphasia subtypes. The upper right quadrant can potentially contain the most heterogeneous population. In practice, however, it becomes populated almost exclusively by patients who are clinically logopenic, either with or without phrase and sentence repetition impairments. Abbreviations: ATL, anterior temporal lobe; FTLD, frontotemporal lobar degeneration; FTLD-TDP, FTLD with TAR DNA-binding protein 43 pathology; IFG, inferior frontal gyrus; PPA, primary progressive aphasia; PPA-G, agrammatic PPA; PPA-L, logopenic PPA; PPA-M, mixed PPA; PPA-S, semantic PPA.
In contrast to patients with PPAG, who seem to require additional effort and time for retrieval of most words, the wordfinding pauses observed in patients with PPAL are variable, being generally more prominent for nouns than for verbs. 57 Patients with PPAL might seem ver bally fluent during small talk, but often start to display frequent wordfinding hesitations when access to spe cific or infrequently used words becomes necessary. Many patients circumvent these wordretrieval blocks through circumlocution, simplification and substitution, using terms such as 'thing' or 'stuff ' .
Object anomia, due to wordretrieval failures, is usually present and tends to elicit phonological para phasias (abnormal utterances that approximate the sound of the intended word). However, some patients with frequent wordfinding pauses during spontaneous speech have nearly intact objectnaming abilities, suggesting that different mechanisms underlie wordretrieval impair ment depending on whether word selection is guided by external sensory percepts or internal ideas. For example, one of our patients with PPAL and low verbal fluency (mean length of utterance of 5.46 words compared with a normative value of 11.11 ± 0.56) correctly named 83% of the items on the Boston Naming Test, indicating much greater impairment of word recall triggered by internal than by external ideas. Another patient with PPAL and a low verbal fluency of 50 words per minute correctly named 97% of the items, offering an even more striking dissoci ation. These two examples illustrate that word selection impairments can arise from multiple mecha nisms, and suggest that studies in PPA might provide new insights into their differential anatomical substrates.
Patients with PPAG or PPAL frequently state that they 'know' the word but cannot 'say' it. However, objectnaming failures in these patients were associ ated with an abnormal N400 component in EEG event related potentials, even when the patient recognized the meaning of the word. 58 This observation indicates that retrieval anomia also has an associative basis, perhaps at the level of accessing a hypothetical lemma. 59, 60 The impaired lemma in these patients might be sufficient to support word-object matching (that is, recognizing the meaning of the word), but not the task of scanning the internal thesaurus and selecting the corresponding noun. Although word comprehension in PPAL is gen erally wellpreserved, subtle chronometric abnormali ties of semantic and taxonomic interference have been reported in this syndrome, as well as in PPAG. [61] [62] [63] These characteristics highlight the fact that dysfunction centred on one component of the language network can influ ence the functionality of the others, in keeping with the principles of neural network organization (Box 1).
The cortical atrophy associated with PPAL is usually more pronounced in the posterior and temporal compo nents of the language network (Figure 3b-c) . The sites of greatest atrophy almost always include posterior tempo ral cortex and the TPJ. For example, Brodmann area 37, which is implicated in naming, and the posterior super ior temporal gyrus, which is implicated in repetition, are fre quently atrophic. 31, 53, 64 Atrophy in patients with PPAL can also extend into other parts of the left temporal lobe and patches of the right hemisphere. Although the atrophy in some patients may encroach on the ATL, the area of peak atrophy rarely covers the temporal pole. Atrophy maps of the brain were generated by comparing MRI-based cortical thickness data from a single patient with 'normal' measurements derived from a control group of 27 healthy individuals using FreeSurfer software, which presents the peak atrophic sites in red and yellow. 26, 31 The maps were produced using a threshold false discovery rate of P <0. 
PPA-S-insights into word comprehension
The core features of PPAS include profound impairments in object naming and word comprehension, on a back ground of preserved grammatical structure and fluency. At the initial stages of this syndrome, the successful com prehension of casual conversation (due in part to the patient's ability to recognize contextual cues) contrasts sharply with the severe deficits in understanding nouns that denote objects, especially animals, fruits and veg etables. This anomia is often associated with circumlocu tion, simplification, and semantic paraphasias, but usually without the prolonged wordfinding pauses seen in other PPA variants. In PPAL or PPAG, a patient who fails to name an object can nonetheless match it to the corre sponding noun, indicating that the anomia is based on a wordretrieval deficit, rather than a lack of comprehen sion of the word. This pattern of anomia has been defined as a 'oneway' naming deficit. 17 By contrast, patients with PPAS who cannot name an object also frequently fail to match the item to its corresponding noun, even when the nature of the object is recognized, indicating that such anomic errors are caused by a failure to recognize (that is, comprehend) the meaning of the relevant word. This pattern has been defined as a 'twoway' naming deficit. 17 Initially, patients with PPA-S seem to understand words at a generic level (for example, that the word 'grape' refers to something edible), but not at the spe cific level (that the word 'grape' refers to a type of fruit distinct from a 'strawberry' , for instance). [65] [66] [67] This intra categorical blurring of distinctions in word usage and interpretation, also known as taxonomic inter ference, provides a potential mechanism for the vagueness of verbal output and the propensity for semantic para phasias that are key characteristics of PPAS. As the disease progresses, the comprehension impairment might encompass the generic level of meaning and, therefore, interferes with the ability to understand all kinds of verbal communication.
Regions of the brain that are most atrophic in patients with PPAS are concentrated within the anterior and polar cortices of the left temporal lobe (Figure 3d) . Although a small proportion of patients with considerable left ATL atrophy have preserved singleword comprehen sion, nearly all patients with severe wordcomprehension impairments turn out to have sites of peak atrophy centred within the ATL of the languagedominant hemisphere. In addition, the uncinate fasciculus, which interconnects the ATL with the frontal lobes, often displays structural abnormalities that correlate with the wordcomprehension impairments in patients with PPAS. 54 
Left anterior temporal lobe function
The ATL is not considered part of the classic neural network that mediates language. Despite being associ ated with certain clinical features reminiscent of sensory transcortical aphasia, such as poor comprehension in the presence of intact repetition, PPAS has anatomical correlates that do not conform to the anatomy of lesion sites described in sensory transcortical aphasia by classic aphasiology. 68, 69 Although observations relating to herpes simplex infection, temporal lobectomy and intraopera tive cortical stimulation have revealed languagerelated functions of the ATL, [69] [70] [71] [72] investigations in semantic dementia and PPA have offered the most compelling evidence for the profound importance of this region of the brain to language function. 66, 67, [73] [74] [75] [76] [77] One such investigation involved 11 righthanded patients with PPA, who were selected solely because the greatest degree of brain atrophy was localized either exclusively or predominantly in the left ATL, including the temporal polar region. 66 In these patients, cortical volume within sites of peak atrophy in the left ATL had been reduced to approximately 50% of normative values, whereas cortical volume in the other parts of the left cer ebral hemisphere remained at 90% of normative values. 66 Severe impairments of word comprehension (mean accuracy 52%) and object naming (mean accur acy 21%) were the most obvious and consistently shared features of disease among these patients. 66 By contrast, the patients demonstrated over 80% accuracy in picture-picture matching tasks that were sensitive to nonverbal object associations. 66 Furthermore, computerized tasks with parallel designs revealed that the taxonomic interference caused by atrophy in the left ATL selectively undermined verbal, but not nonverbal, associations of objects. 66, 67 These and similar observations in PPA indicate that the classic aphasiology paradigm is incomplete, and that the left ATL should be considered as part of the lan guage network, with a critical role in honing the acuity of object naming and word comprehension. This conclu sion is consistent with the findings of a study in aphasic patients with stroke, 60, 78 which attributed an essential role to the left ATL in mediating refined taxonomic distinction of word selection during object naming. The proposed role of the ATL in word comprehension is also in keeping with functional imaging data that have demonstrated activation of the left lateral ATL in tasks of verbal semantic judgement, 79, 80 and in tasks that require high levels of taxonomic specificity during lexical retrieval. 81, 82 Additional support for the selective role of the left ATL in language came from taskfree functional imaging studies, 83 which showed that the left lateral ATL was functionally interconnected with neural hubs of the language network located in the left IFG and TPJ, and to a lesser extent with the same regions of the contralateral hemisphere (Figure 4) , whereas the right ATL had no comparable connectivity with analogous regions of the right or left hemisphere. 83 An extensive literature on semantic dementia has characterized the ATL as an amodal (or panmodal) hub that is critical for all domains of semantic representa tion: verbal as well as nonverbal. 76 This description might appropriately define the aggregate functionality of the ATL cortices in both hemispheres; however, observa tions in PPA also reveal a differentiated and asymmet ric internal organization of this brain region, according to which the left lateral ATL is critically important for verbal associations of objects, a role that is not shared by the right ATL. Studies of associative agnosias in patients with various neurological lesions have shown that nonverbal representations of objects are sustained through a distinct inferotemporal face and object rec ognition network, the critical components of which are located either bilaterally or predominantly in the right hemisphere. 66, 84, 85 Interaction between the language and objectrecognition networks through transmodal nodes, which are sites of partial convergence and hubs for binding of distributed information (Box 1), integrates the verbal, functional and experiential attributes of the object and also gives meaning to the word. Through this extended neural network, different parts of the tempo ral lobe, including the anterior temporal cortex, mediate different aspects of the objectrecognition and word comprehension processes. 86 On the basis of this model, representations of objects should be impaired principally in the verbal domain after left ATL damage, as the intact right ATL is predicted to be sufficient to sustain relevant nonverbal associations, unless the task is unusually difficult or unfamiliar. A truly amodal impairment of both verbal and nonverbal associations would, therefore, require bilateral damage to the ATL. In keeping with these hypotheses, the impaired naming of famous faces (a verbal association task) in PPA was found to correlate with atrophy of the left ATL, whereas additional difficulty in recognizing the iden tity of the depicted person (an object recognition task) correlated with bilateral atrophy of the ATL. 87 Thus, the panmodal functionality attributed to the anterior tem poral cortex might reflect, at least in part, the inclusion of patients with extensive damage to the ATL in both cerebral hemispheres. 88, 89 This conclusion is also consist ent with a more recent 'graded connectivity' model of the ATL. 90 In summary, rather than a panmodal semantic hub, the ATL seems to contain an overlapping mosaic of transmodal areas, 86 each displaying domainselective specializations, with a strong leftward asymmetry for verbal representation.
The diversity of opinion on the functional affiliations of the ATL is not surprising considering the architec tural and hodological (pathway) heterogeneity revealed by experimental neuroanatomical studies in monkeys. 91 Developments in postmortem chemoarchitectonic analy ses, 92 and in vivo diffusion tensor imaging combined with functional MRI, [93] [94] [95] are beginning to unravel analogous principles of organization in the human ATL.
Where, if anywhere, is Wernicke's area?
According to established teaching, the destruction of a region of the brain known as Wernicke's area causes severe impairments in both word and sentence compre hension. 69, [96] [97] [98] The cortical area with the functionality attributed to Wernicke's area has been located variably in the superior temporal gyrus, inferior parietal lobule and, more recently, in the posterior portion of the middle temporal gyrus. [98] [99] [100] [101] [102] [103] [104] [105] Most of the literature on the loca tion of Wernicke's area is related to studies of patients with cerebrovascular lesions; however, clinicopatho logical correlations in PPA are difficult to reconcile with this literature.
The main challenge comes from PPAL, in which atrophy sites can encompass nearly all proposed loca tions of Wernicke's area, 26, 106 but without causing sub stantial impairments of singleword comprehension (Figure 3b-c) . Wordcomprehension impairments remi niscent of Wernicke aphasia arise in patients with PPA only when the sites of peak atrophy include the left ATL, a region that has never been proposed as a potential loca tion for Wernicke's area. Conceivably, the preservation of word comprehension in PPAL could be attributed to partial neuronal preservation at atrophy sites ( Figure 1 ) and to compensatory functional reorganization. Nonetheless, clinicopathological correlations in PPA also raise the alternative possibility that the neural bottleneck for word comprehension might occupy a more anteri orly located part of the temporal lobe than previously envisaged. This possibility is supported by evidence from voxelbased lesion-symptommapping studies in groups of aphasic patients with cerebrovascular lesions. 60 Such an alternative organization of the language network would centre on the rostrally directed sensory fugal synaptic hierarchies known to exist in the tempo ral lobe and on a Bayesian account of their topdown 83, 164 Areas in red and yellow contain voxels that have statistically significant functional connectivity with the seed area at a false discovery rate threshold of P <0.001. 83, 164 a | The left ATL has functional connectivity with the IFG and TPJ in the ipsilateral and, to a lesser extent, in the contralateral hemisphere. The TPJ area includes parts of the inferior parietal lobule and posterior tip of the superior temporal gyrus. b | The right ATL has almost no significant functional connectivity at this threshold with the IFG or TPJ area in either hemisphere. The ATL is, therefore, asymmetrically organized. Abbreviations: ATL, anterior temporal lobe; IFG, inferior frontal gyrus; TPJ, temporoparietal junction.
regulation. 86, 107, 108 According to this view, auditory and visual word forms, encoded in the superior temporal gyrus 109, 110 and inferotemporal cortex, 111 respectively, would trigger widespread activations of the temporal cortex extending all the way into the temporal polar region. In the left hemisphere, this entire neural matrix would be engaged in linking the word form to the distrib uted associ ations that collectively give the word meaning. Within this matrix, the rostrally directed synaptic hier archies are expected to mediate increasing refinement of such associ ations. 86, 112, 113 Furthermore, the anterior (downstream) parts of the sensoryfugal synaptic chain are hypothesized to generate contextually relevant top down signals that are based on prior knowledge and that guide the progression of word representations from generic to increasingly specific forms. 108 According to this hypothetical model, even partial neuronal loss in the left temporal lobe would initially impair the overt naming of objects at a stage when the computationally simpler task of word recognitiontested by word-object matching-remains intact. This account could potentially explain why oneway retrieval anomia is the most common language abnormality observed in neurological diseases affecting the left tem poral lobe. 64, 66, 68, [114] [115] [116] When neuronal loss in the anterior and polar components of the left temporal lobe exceeds a certain threshold, the topdown projections that mediate the gradual honing of word representations might be undermined. Consequently, word recognition (com prehension) in PPAS is initially impaired at the most computationally demanding, specific level of representa tion at early stages of disease, and eventually at coarser generic levels as the disease progresses and left anterior temporal lobe components of the language network are increasingly compromised. Sentence comprehension, based on the ability to interpret grammatical words and structure, can remain relatively preserved in this context if the constituent nouns can be decoded even at a generic level. In some patients with PPAS, the impairments can eventually encompass sentence comprehension and become as severe as those described in Wernicke aphasia. However, repetition tends to remain preserved in PPAS, as the initial sites of peak atrophy rarely extend into the posterior parts of the superior temporal gyrus and TPJ, areas commonly damaged by cerebrovascular accidents associated with Wernicke aphasia.
According to this model, and as supported by clinico pathological correlations in PPAL, cortical atrophy confined to the posterior temporal lobe locations traditionally assigned to Wernicke's area might not be enough to cause the severe wordcomprehension impairment associated with Wernicke aphasia, prob ably because the remaining parts of the temporal lobe can continue to supply the ATL with sufficient stimulus to trigger the topdown guidance of word recognition. This hypothesis is consistent with experimental evidence that residual verbal comprehension abilities in patients with Wernicke aphasia is sustained by ATL activity. 80, 117 Although loss of neurons in the posterior temporal lobe regions does disrupt the encoding of word meaning, as indicated by excessive semantic interference effects in PPAL, 61 the resultant wordcomprehension difficulties are substantially less severe than the impairments associ ated with Wernicke aphasia. The cause of this apparent discrepancy may lie in the differential involvement of the white matter. White matter abnormalities are common in patients with PPA, but are never as severe as those in patients with vascular disease. Perhaps, therefore, lesions in traditional locations of Wernicke's area lead to severe word comprehension impairments only if under lying white matter pathways are damaged (as commonly occurs in cerebrovascular lesions), such that the ATL becomes massively disconnected from posterior regions of the temporal lobe. 75, 117 Such disconnection would reduce functional effectiveness of the ATL either as the downstream platform for relevant synaptic hierarchies, or as the source of key topdown projections.
In summary, word meaning seems to be subserved by a neuronal matrix-unimodal as well as transmodalthat is spread throughout the left temporal lobe. Minimal dysfunction at any point within this matrix causes retrieval anomia, whereas progressive damage to its anterior and polar components interferes with critical topdown refinement of associations and leads to grad ually intensifying wordcomprehension impairments. Thus, the notion of Wernicke's area as a cortical hub of the posterior temporal lobe with a critical role in both word and sentence comprehension will probably need considerable revision.
Neuropathology of PPA and its asymmetry
The aphasic presentation and sparing of explicit memory in PPA led to the assumption that the patho logical basis of this syndrome would not be Alzheimer disease (AD). However, numerous autopsy series have provided no support for this expectation. 25, 32, [118] [119] [120] [121] [122] [123] [124] [125] [126] In fact, a report of 58 consecutive autopsies revealed AD pathology in 45% of PPA cases; 29 the remaining 55% of cases had evidence of FTLD, distributed approxi mately equally between TAR DNAbinding protein 43 (TDP43) protein opathy (FTLDTDP) and tauopathy (FTLDtau). The most common feature of PPA in this study was the asymmetrically greater atrophy, neur onal loss and diseasespecific proteinopathy in the languagedominant cerebral hemisphere, which was predominantly the left hemisphere in righthanded indi viduals ( Figure 5) ; conversely, in most of the lefthanded patients, neurodegeneration tended to be more severe in the right hemisphere.
Though surprisingly common, Alzheimer disease (AD) pathology in PPA displays atypical features. In 'typical' AD, neurodegeneration is most extensive in the hippocampoentorhinal region, a pattern that pro vides the basis for the Braak staging of AD pathology and explains the characteristic impairment of memory function. 127 Furthermore, in typical AD, no consistent hemispheric asymmetry of neuropathology is present, the apolipoprotein E ε4 (APOE ε4) allele is a major risk factor, symptoms usually emerge after the age of 65 years, and a female preponderance tends to be observed. The AD pathology in PPA has a completely different set of associations: the Braak pattern of hippocampo entorhinal prominence becomes tilted in favour of the neocortex; hemispheric asymmetry is evident, with moreintense neurofibrillary pathology in the language dominant hemisphere ( Figure 6) ; the APOE ε4 allele is not a risk factor; symptoms usually emerge before 65 years of age; and the disease is slightly more preva lent in males. The neuropathology of PPA has, therefore, shown that AD is not a uniform entity, and that it has distinct biological subtypes, one of which accounts for nearly half of all PPA cases. 29, 128, 129 Each type of pathology encountered in the series of 58 autopsies of patients with PPA displayed characteristicbut not invariant-clinical presentations. 29 The most common aphasic manifestation was the logopenic form in patients with AD pathology, and the agrammatic form in patients with various forms of FTLDtau pathol ogy. 29 Moreover, the progressive supranuclear palsy form of FTLDtau was frequently associated with prominent speech abnormalities together with agrammatism, and FTLDTDP type C frequently caused selective left ATL atrophy and PPAS. 29 However, no clinical pattern was found to be pathognomonic of a specific type of neuro pathology. The diagnosis of the underlying neuropathol ogy in living patients with PPA, therefore, requires the use of biomarkers. At present, amyloidβ imaging by PET and the quantitation of tau and amyloidβ in cerebro spinal fluid can determine the likelihood of AD pathol ogy in patients with PPA ( Figure 7 ). In the near future, tau imaging using PET will probably also facilitate dif ferentiation of FTLDtau from FTLDTDP pathologies in patients with PPA who are found to be negative for biomarkers of AD pathology.
Support for the agrammatic-logopenic split
The validity of delineating a logopenic variant of PPA has been questioned. 27, 130 In our series of 58 autopsied patients with PPA, the status of grammatical ability divided the group of 49 patients who would have fulfilled the PNFA designation into two subsets (Figure 8 ). In the agrammatic group (PPAG), FTLDtau neuropathology was three times more prevalent than either Alzheimer or FTLDTDP pathologies; in the absence of agramma tism (PPAL with or without repetition impairment), AD pathology was observed around twice as frequently as FTLDtau or FTLDTDP pathologies. 29 These findings, together with differential patterns of brain atrophy ( Figure 3 ) and disparate trajectories of clini cal progression, 34 support the biological validity of the agrammatic-logopenic distinction in PPA.
PPA susceptibility factors
Asymmetry of neurodegeneration in PPA persists until the time of death ( Figure 5 ). This asymmetry cannot be attributed to the cellular or molecular patho genesis of the underlying disease, as a lack of symmetry in neuro degeneration is observed for all types of PPA neuro pathology. Furthermore, each of the neuropatho logical mechanisms encountered in PPA can also cause non aphasic syndromes such as behavioural variants of frontotemporal dementia (FTD) or amnestic dementias in other patients. Indeed, PPA was one of the first clini cal entities to highlight the general principle that disease 165 Asterisks in the right-hand panels denote these values measured in CSF samples from the two patients. Patient A had high CSF levels of phospho-tau and a low CSF Aβ:total tau ratio, consistent with AD pathology, confirmed at postmortem examination. Both the CSF and PET results for Patient B are inconsistent with AD pathology and lead us to predict that the autopsy will reveal a form of frontotemporal lobar degeneration underlying PPA in this individual. Abbreviations: Aβ, amyloid-β; AD, Alzheimer disease; CSF, cerebrospinal fluid; PPA, primary progressive aphasia.
manifestations reflect the anatomical distribution rather than the cellular nature of the underlying neurodegen erative disease. 131, 132 Current evidence suggests that the distribution of neuronal loss in any neurodegenerative entity is likely to reflect the outcome of complex inter actions among patientspecific factors that delineate ana tomical loci of least resistance, networkspecific factors that constrain pathways of progression, and disease specific factors that determine the cellular nature of the pathology. [133] [134] [135] These factors probably explain why PPA results from a range of neuro degenerative patholo gies, why each of these processes leads to predominant but not invariant aphasia subtypes, and why the disease spreads preferentially (although not exclusively) within the language network. 136 The patientspecific factors that cause multiple disease pathologies to be expressed asymmetrically in the languagedominant hemisphere of patients with PPA remain to be identified; 137 however, a potentially impor tant finding in this regard was that patients with PPA had a higher frequency of personal or family history of learning disability, including dyslexia, compared with healthy individuals or patients with other dementia syn dromes. 138, 139 This association with learning disabilities that included dyslexia stimulated speculation that at least some cases of PPA could reflect the tardive manifesta tion of a developmental or genetic vulnerability of the language network. This susceptibility can remain com pensated during much of adulthood, but might eventu ally provide a locus of least resistance for the expression of an independently arising neurodegenerative process.
The same vulnerability could potentially be expressed as developmental dyslexia in some family members, but as an involutionary process that leads to PPA in others. Autoimmunity has been implicated as another poten tial factor influencing patientspecific vulnerabilities to PPA. 140, 141 In most patients with PPA, the underlying neuro degenerative disease arises sporadically; however, in a few cases, PPA has been reported in families with disease causing mutations in the MAPT, GRN, C9orf72 or PSEN1 genes, which encode tau, granulin, protein C9orf72 and presenilin 1, respectively. [142] [143] [144] [145] In these families, some members develop PPA, whereas others develop non aphasic dementias. Exceptions to this pattern have been described in two families with GRN mutations and FTLD TDP neuropathology, in which all affected members (three of four siblings in one kindred, and two of three in the other) had a clinical picture of PPA. 146 Of all the dominant mutations associated with PPA, those within GRN are by far the most prevalent. Interestingly, asymptomatic carriers of a diseasecausing GRN mutation (Thr272fsX10) seem to display asymmet ric distortions of resting state frontoparietal connectiv ity in the left hemisphere of the brain when compared with family members who do not carry the mutation. 147 Such asymmetries, if also found to be associated with other GRN mutations, might account for the high preva lence of PPA in these kindreds. Nevertheless, a different explanation is needed to account for the observation that identical GRN mutations lead to behavioural variant FTD (bvFTD) in some individuals and PPA in other members of the same family. A potential clue came from the finding that levels of RAP1GAP mRNA were sig nificantly lower in patients with the GRN Thr272fsX10 mutation who developed bvFTD than in mutation car riers who developed PPA (P = 0.049). 148 Although the majority of PPA cases arise in the absence of known mutations, these results justify the search for potential molecular factors that underlie the selective vulnerabil ity of the languagedominant cerebral hemisphere in this syndrome.
PPA temporal trajectory and treatments
Gradual intensification of language impairment is the hallmark of PPA. 15, 149, 150 Some patients develop addi tional cognitive and behavioural impairments within a few years after clinical onset of PPA, whereas language impairment remains the only conspicuous obstacle to customary daily activities over many years in other patients (Box 4). Even as language functions deteriorate, many patients continue to enjoy complex non verbal activities. 151, 152 Examples that we have come across include woodworking, breeding rare birds, gardening, sculpting, and photography. Some of our patients started painting after being diagnosed with PPA, and produced works of considerable artistry ( Figure 9) ; others became devoted to masterlevel Sudoku, or developed a passion for 1,000-3,000piece jigsaw puzzles.
Treatment in PPA can be divided into symptomatic and aetiological components. The symptomatic approach necessitates thorough evaluation by a knowledgeable speech-language pathologist, who can subsequently work with the patient and their family to maximize communicative effectiveness, and also assess the poten tial usefulness of assistive software and hardware. 153 Education and lifeenrichment interventions tailored to fit the individual patient's strengths and weaknesses are important aspects of patient care. 154 The aetiological component of patient care in PPA revolves around the judicious use of clinical subtyping and biomarker infor mation to surmise the nature of the underlying disease process. On the basis of this information, the clinician can decide whether to use AD medications, or to channel the patient into clinical trials relevant to AD or FTLD. Depression is frequently observed in patients with PPA, and should be treated with appropriate interventions. 155 One of the most distinctive aspects of PPA is the pro longed resilience of the nondominant (usually right) cerebral hemisphere and its potentially compensatory participation in language tasks. 21 Thus, whether the application of directcurrent stimulation or repeti tive transcranial magnetic stimulation can somehow promote beneficial neuroplasticity within the language network is a pertinent question. Encouraging effects of these interventions have been reported in isolated case studies, and now need to be replicated in larger systematic investigations.
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Conclusions
Although the frequency of the diagnosis is increas ing, PPA remains a relatively rare syndrome; therefore, patients, clinicians and families might have limited access to appropriate information and assistance. A website dedicated to PPA, the International PPA Connection (IMPPACT), 159 has been established to serve as a regis try for patients and resources. The purpose of this online resource is to improve the access of patients and clinicians to relevant local resources around the world and to facili tate the implementation of collaborative clinical trials when promising therapeutic interventions become avail able in the future. The site also provides demonstrations of key diagnostic features and a section on frequently asked questions. A major longterm goal in PPA research is the development of effective treatments. In the mean time, the heterogeneous language disturbances associated with PPA, and their complex anatomical correlates, con tinue to provide new insights into core aspects of aphasia research. The selective degeneration of the language dominant cerebral hemisphere also offers unique oppor tunities for exploring the biology of selective vulnerability and hemispheric asymmetry in the human brain.
Box 4 | Progression trajectories of PPA PPA in general ■ During the initial stages of disease, at which time the patient's symptoms simultaneously fulfil the designation of both nonamnestic mild cognitive impairment and PPA, most daily living activities remain unaffected ■ At advanced stages of PPA, prominent impairments of additional cognitive domains and motor function can emerge; in this setting, the designation of PPAplus (PPA+) can be used to indicate that although the disease started as PPA, the aphasia is no longer the only salient feature PPA-S ■ In PPA-S, the spread of atrophy to the anterior insula, posterior orbitofrontal cortex and contralateral anterior temporal lobe can lead to the emergence of aberrant behaviours and associative agnosias; the addition of agnosia to the aphasia adheres to the syndromic definition of semantic dementia. In this context, the semantic dementia pattern represents a PPA+ stage ■ Other patients, who present with the semantic dementia pattern in the initial disease stages, do not fulfil the criteria for a PPA diagnosis (Box 3); thus, syndromic classification is sensitive to the temporal pattern of symptom emergence, a pattern that reflects the anatomical trajectory of disease progression PPA-G ■ In PPA-G, the spread of atrophy to dorsolateral prefrontal cortex, motor areas and basal ganglia can lead to the emergence of impaired executive functions, motor speech abnormalities, or movement disorders that are characteristic of dysexecutive, speech apraxia, corticobasal degeneration, and progressive supranuclear palsy syndromes, as additional manifestations of PPA+ 
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Review criteria
A literature review was conducted, based on the authors' personal libraries of historical and contemporary works on language, aphasia and neurodegeneration. In addition, PubMed and Google Scholar databases were searched for relevant publications, using key terms including "primary progressive aphasia", "language", "dementia" and "neurodegeneration" in various combinations. No restrictions were used regarding article type, language or publication date.
